The rotavirus nonstructural glycoprotein, NSP4, has been identified as the first viral enterotoxin capable of inducing diarrhea. To investigate the biological function of NSP4 in the inflammatory process, a cDNA from human rotavirus (Wa strain) RNA segment 10 was amplified by RT-PCR, cloned into TA vector, and subsequently subcloned into pET23b expression plasmid. The expression of NSP4 protein was determined by SDS-PAGE and Western blotting, then, the protein was purified by affinity chromatography on Ni-NTA-agarose column. The inflammatory effects of NSP4, namely, production of nitric oxide (NO), pro-inflammatory cytokines (IL-1β, IL-6, IL-10, and TNF-α), and prostaglandin E2 (PGE 2 ), was evaluated using NSP4-stimulated RAW 264.7 murine macrophages and compared with those observed after stimulation with lipopolysaccharide (LPS). The levels of IL-1β, IL-6, and TNF-α were significantly increased, and those of NO and PGE 2 also increased in NSP4-stimulated RAW 264.7 cells. These findings indicate that NSP4 plays an important role in the inflammatory response observed during rotavirus infection.
INTRODUCTION
Rotavirus is the predominant etiological agent causing acute viral gastroenteritis in the young ones of a wide range of mammalian and avian species, including human infants (1) . About 611,000 children die every year because of rotavirus infection, and over two million are hospitalized (2) .
Recently, extrahepatic biliary obstruction and biliary atresia have been associated with rotavirus infection. This indicates the increasing importance of controlling the spread of this organism (3) .
Rotaviruses are members of the Reoviridae family and contain 11 double-stranded RNA segments (1) . The rotavirus gene 10 segment encoding the nonstructural glycoprotein 4 (NSP4), and a peptide corresponding to residues 114~135 has been suggested to function as a viral enterotoxin and play a role in the pathophysiological mechanism whereby rotaviruses induce diarrhea (4) . NSP4 may function by causing Ca 2+ influx into the cytoplasm of infected cells (5, 6) . To study the biological properties of NSP4, the expression of large quantities of purified protein was studied in various eukaryotic and prokaryotic gene expression systems, including Escherichia coli (7, 8) .
Inflammation is inherent to the pathogenesis of many (IL-1β), interleukin-6 (IL-6), interleukin-10 (IL-10), prostaglandin E2 (PGE 2 ), and nitric oxide (NO) (9) .
Cytokines such as TNF-α, IL-1β, IL-6, and IL-10 are soluble proteins secreted by the immune cells; they can alter the properties of different cell types and provide essential communication signals to the motile immune cells (10) , but excessive and uncontrolled production of these inflammatory cytokines may lead to serious systemic complications such as microcirculatory dysfunction, tissue damage, and septic shock, which can exact a high mortality (11) .
PGs are generated by many cell types, including activated macrophages (12) . The rate-limiting enzyme in PG synthesis is cyclooxygenase (COX). COX-2 is induced by several stimuli, including growth factors, mitogens, cytokines, and tumor promoters. Its uncontrolled activity has been hypothesized to be responsible for the pathogenesis of many chronic inflammatory disorders (12) . NO is synthesized from L-arginine by nitric oxide synthase (NOS). iNOS is considered as the most important enzyme involved in the regulation of inflammatory response. iNOS-induced overproduction of NO has been implicated in the pathology of several inflammatory disorders, including septic shock, inflammationinduced tissue damage, and rheumatoid arthritis (13) . Thus, these inflammatory mediators are critically involved in the pathogenesis of a variety of human inflammatory diseases, including inflammatory bowel disease, multiple sclerosis, and rheumatoid arthritis. In this study, the rotavirus enterotoxin NSP4 gene from the human Wa strain was cloned into pET23b expression plasmid containing His-tag sequence, which enabled us to purify the gene product. The protein was subsequently used, for the first time, to identified the correlated influence of the inflammatory effects of NSP4 on the production of NO, pro-inflammatory cytokines (IL-1β, IL-6, IL-10, and TNF-α), and PGE 2 was evaluated using NSP4-stimulated RAW 264.7 murine macrophages. In addition, the effects were compared with those of lipopolysaccharide (LPS)-stimulated RAW 264.7 murine macrophages. FBS and gentamicin (20 μg/ml; GIBCO BRL). The human rotavirus Wa G1P1A [8] strain was purchased from the ATCC.
MATERIALS AND METHODS

Cell culture and viruses
MA104 cells were grown in
The virus was then propagated onto the MA104 cells and stored at -80℃ for further examination.
RNA extraction
Rotavirus dsRNA was extracted using the Trizol method (Gibco BRL). In brief, 0.3 ml of the culture supernatant was mixed with 0.7 ml of Trizol reagent and 0. 
Cloning of NSP4 gene
The extracted dsRNA genome of rotavirus Wa strain was subjected to one-step RT-PCR using specific 
RESULTS
Cloning and expression of NSP4
The NSP4 (Wa strain, G1P1A [8] ) recombinant gene cassette were confirmed by PCR, which produced approximately 750 bp sized amplicon (data not shown). DNA sequencing confirmed that the NSP4 recombinant gene cassette was fused in-frame into the plasmid pET23b due to the artificially incorporated restriction sites. As expected, the experimental expression of the NSP4 recombinant protein demonstrated approximately 20 kDa protein in size on 10% SDS PAGE ( Fig. 2A ) and western blot analyses (Fig. 2B ).
In addition, the experimental expression demonstrated that the peak expression level of the NSP4 recombinant protein is at 4 h of incubation at 37℃ in the present of 1 mM IPTG (Fig. 1) . 
Purification of His-tagged NSP4 by one-step Ni
Cell viability
MTT assay was used to determine the possible cytotoxic effects of the NSP4 recombinant protein treatment onto the RAW 264.7 macrophage cells. The NSP4 recombinant protein treatment between the doses 1 and 500 pM had no effects on the viability of the RAW 264.7 macrophage cells.
In contract, the NSP4 recombinant protein treatment with the doses higher than 1 nM resulted in decrease the viability of the RAW 264.7 macrophage cells. The cell viability of the un-treated NSP4 recombinant protein was used as control and displayed at >98% viability (Fig. 3) .
Generation of pro-inflammatory NO and PGE 2 in RAW 264.7 cells
The effects of NSP4 included production of nitrite, a stable 10, 50, 100, and 500 pM NSP4; the concentration was 3.2 ± 0.5 μM, 31.2 ± 2.8 μM, 33.2 ± 2.1 μM, 36 ± 1.8 μM, 36.2 ± 1.9 μM, and 33.8 ± 1.9 μM, respectively. Consistent with the observations in case of nitrite accumulation, NSP4 caused an increase in PGE 2 production in murine macrophages (Fig. 4B) . PGE 2 concentration in the RAW 264.7 cells exposed to 1, 5, 10, 50, 100, and 500 pM NSP4 was 725.0 pg/ml, 9,672.1 ± 5,258.6 pg/ml, 9,325.2 ± 434.9 pg/ml, 23,725.6 ± 713.8 pg/ml, 21,812.0 ± 1,710.8 pg/ml, and 12,026.1 ± 3,859.1 pg/ml, respectively. These results showed that NSP4 induces the production of inflammatory mediators, including NO and PGE 2 .
Production of cytokines in NSP4-stimulated RAW
cells
NSP4 protein tested in this study induced increase in IL-1β, IL-6, IL-10, and TNF-α production in RAW 264.7 cells. As is shown in Fig. 5, IL-1β, IL-6 , and IL-10 production increased dramatically because of NSP4 treatment.
NSP4 was inducing IL-1β, IL-6, IL-10, and TNF-α production up to 50 pM from 500 pM, respectively. NSP4 caused an increase of ~500 pM in IL-1β concentration, while the concentration of IL-10 and TNF-α increased and then decreased (500 to 100 pM and 500 to 5 pM, respectively).
The concentration of IL-1β in LPS-stimulated RAW 264.7 cells exposed to 1, 5, 10, 50, 100, and 500 pM NSP4 was -27 pg/ml, -27.8 ± 2.18 pg/ml, 72.1 ± 54.18 pg/ml, 173.5 ± 25.94 pg/ml, 176.9 ± 5.96 pg/ml, 208.8 ± 15.95 pg/ml, and 647.1 ± 38.08 pg/ml, respectively. IL-6 concentration in cells exposed to 1, 5, 10, 50, 100, and 500 pM NSP4s was -3.1 ± 0.07 pg/ml, 301.7 ± 248.32 pg/ml, 544.2 ± 125.73 pg/ml, 1296.8 ± 27.45 pg/ml, 1447.9 ± 31.82 pg/ ml, and 1610 ± 42.13 pg/ml, respectively. Cells exposed to NSP4s had an IL-10 concentration of 74.5 ± 17.69 pg/ ml, 313.1 ± 176.13 pg/ml, 508.7 ± 185.51 pg/ml, 1,704.2 ± 231.01 pg/ml, 2134.3 ± 218.33 pg/ml, and 1,620.7 ± 41 pg/ml, and a TNF-α concentration of 1,118.9 ± 21.31 pg/ml, 2,094.9 ± 149.80 pg/ml, 1,940.7 ± 59.71 pg/ml, 1,926.4 ± 32.31 pg/ml, 1,923.4 ± 46.05 pg/ml, and 1,859.5 ± 41.76 pg/ml, respectively (Fig. 5 ). Significant increase secretion of the IL-1β and IL-6 was at 500-pM of the NSP4 treatment, while the IL-10 was at 100 pM ( Fig.   5A , 5B, 5C). In contrast, the secretion of the IL-10 and TNF-α was significantly decline at 500-pM of the NSP4 treatment (Fig. 5C, 5D ). These results indicated that the NSP4 caused the occurrence of inflammation in the RAW 264.7 macrophage cells.
DISCUSSION
The rotavirus NSP4 is a well-known viral protein of great interest because of its biological and enterotoxigenic properties. This protein consists of 175 amino acids and contains sequences responsible for membrane-destabilization and enterotoxic effects that have been mapped to different regions of the polypeptide (16) . NSP4 is an integral mem- brane protein residing in the endoplasmic reticulum (ER) with two N-linked oligosaccharide sites at the aminoterminus. This membrane association property makes purification a difficult task (17) .
In this study, the rotavirus enterotoxin NSP4 protein was successful expressed and purified in the E. coli system. The biological function of the purified NSP4 protein in the inflammatory process was also investigated in the RAW 264.7 macrophage cells. The secretion levels of cytokines, including the IL-1β, IL-6, and TNF-α; and the production of the NO and PGE 2 were significantly increased. These results indicated that NSP4 plays an important role in the inflammatory response observed during rotavirus infection.
E. coli is one of the most widely used expression systems for the production of heterologous proteins because of its well characterized genetic nature and physiology as well as the possibility of strong, inducible expression (18) . Because non-glycosylated NSP4 is biologically active, the E. coli expression system is preferred in the production of this protein owing to its ability to grow rapidly at high cell density in cultures undertaken using inexpensive substrates (19) . By using the strategy discussed in this study, polyhistidinetagged NSP4 was produced in E. coli cells and easily purified with one-step Ni-NTA agarose chromatography under denaturing conditions. NSP4 stimulates both humoral and cellular immune responses in humans (20) . It was also noted that NSP4 elicits systemic and intestinal antibody responses in gnotobiotic pig and rabbit models (17, 21) and induces diarrhea in newborn mice (17, 22) . Recently, biliary atresia (BA), a fibroinflammatory pediatric liver disease that is the primary indication for liver transplantation in children, has been demonstrated to occur in rotavirus infection (3, 23, 24) . Osteopontin (OPN), a glycoprotein with inflammatory and fibrogenic activity, may play a pathogenic role in BA (25) .
There have been arguments concerning the pathogenesis mechanism of rotavirus virulence components. VP4 is a major determinant in the pathogenesis of BA in the rotavirusinfected newborn mice model (26) . NSP4 silencing downregulates VP7, induces decreased level of nuclear factorkappa B, and abnormal inactivation of the osteopontin inflammatory pathway in the murine model (27) To investigate the hypothesis that during the development of BA, E. coli-expressed NSP4 was evaluated by assaying the production of NO, certain pro-inflammatory cytokines (IL-1β, IL-6, and IL-10), and PGE 2 . NSP4 stimulated RAW 264.7 cells, causing an increase in the production of NO and PGE 2 . In addition, a variety of inflammatory cytokines (IL-1β, IL-6, IL-10, and TNF-α) were shown to be upregulated in macrophages upon exposure to NSP4. TNF-α is primarily produced by monocytes, macrophages, and T cells (30) and has various pro-inflammatory effects on many cell types.
TNF-α is a potent activator of cells can stimulate the production or expression of IL-1β, IL-6, PGE 2 , collagenase, type I and III collagen, and adhesion molecules, and is a growth factor for both B and T lymphocytes (30, 31) . Both TNF-α and IL-1β can lead to cartilage destruction and bone resorption and are important cytokines in chronic inflammatory diseases such as rheumatoid arthritis (30~32). IL-6
plays an important role in many inflammatory conditions and is particularly important in the production of acute phase proteins (33, 34) . IL-10 is a pleiotropic cytokine that modulates the function of adaptive immunity-related cells (35) .
IL-10, although traditionally considered an anti-inflammatory cytokine, has also been implicated in promoting abnormal angiogenesis in the eye and in the pathobiology of autoimmune diseases such as lupus and encephalomyelitis (36) .
The LPS inflammatory model has been widely used for understanding and screening of anti-inflammatory effects.
However, this system is not enough to study the cellular and molecular mechanisms underlying the inflammation induced by viral infection-related diarrhea and inflammatory diseases. These study findings will be important toward understanding viral gastroenteritis and will provide new avenues for screening, prevention, and treatment of rotavirus.
In addition, the NSP4-stimulated RAW 264.7 murine macrophage system could be used as a new inflammatory model system for the evaluation of NO, TNF-α, and various cytokines, namely, IL-1β, IL-6, IL-10, and PGE 2 .
In conclusion, our results provide valuable information on the effects of rotavirus NSP4 on the RAW 264.7 macrophage cells, which may play a critical role in the process of both acute and chronic inflammation conditions in rotavirus infection.
